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Core Collapse

Supernovae

Stealthy neutrinos undermine the stability of massive stars,

setting up conditions that guarantee their collapse,

and in so doing create the perfect engine for

generating titanic numbers (10°8) of neutrinos. These neutrinos then
bring about the explosions that seed the universe with the

elements necessary for planets and life.



Simulations of core collapse supernovae are very sophisticated:
multi-dimensional radiation hydrodynamics;

Boltzmann neutrino transport, and detailed microphysics/EOS . . .

Our understanding of the effects of nonzero neutrino mass
(flavor oscillations; spin flip), though numerically sophisticated,
is crude, and difficult to incorporate into the SN simulations.

There are unsettled issues in the story of supernova neutrinos.



CONCLUSIONS

@ Experimental neutrino physics has given us some of

the mass/mixing properties of the neutrinos.
Neutrino flavor evolution is sensitive to these, but may be sensitive to other BSM issues

e.g., hierarchy, magnetic moments, absolute mass, Majorana/Dirac nature.

@ Neutrino self coupling-induced nonlinearity has led to surprises and may lead to more

-- very difficult to incorporate into existing SN simulations
-- existing neutrino flavor simulations in SN are crude — but some phenomena are generic

@ Despite uncertainties in calculations, it is imperative that we build and maintain
an underground detector to capture a Galactic core collapse event

— swaps/splits are generic and will likely form at late times (where neutrino fluxes are low!)
-- will learn a great deal about supernovae, e.q., if experiment gives us the hierarchy
-- heavy element nucleosynthesis, e.qg., r-Process models can be sensitive to

neutrino/antineutrino ratio,
which can influence the neutron/proton ratio



There is a tendency for experimenters to look at the complexity of the
supernova environment and despair, seeing only a chance for
“model-dependent” results . ..

Many issues in supernova physics are model-dependent, but many
phenomena involving neutrinos (e.g., swaps/splits) are generic, stemming
from broad, incontestable, physics principles

(e.g., conserved neutrino number at low density). The details may be
model-dependent, but the measurement of a neutrino burst signal could
pin down some of those detailed numbers, giving insight into the models.

In turn, these insights into the models can provide a

force multiplier for the experiments, allowing the results of the experiments to
say more about the world and the big-picture problems in science/physics
(e.g., origin of baryons, origin of mass, BSM physics, origin of the elements,
origin of the big black holes).

LBNE + SN v Burst Detection at LBNE =
a way to unlock the ultimate neutrino physics “lab”



So what is unique about core collapse supernovae
as a “lab” for studying neutrinos?

In a nutshell:

Core collapse supernovae are cold,
highly electron lepton number degenerate systems.

They are exquisitely sensitive to lepton number violating processes.

Macroscopic effects in SN physics or signal from:

flavor oscillations: very sensitive to neutrino mass hierarchy;

spin coherence: sensitive to Majorana/Dirac nature of neutrinos
& absolute neutrino masses



...and in about one second. ..
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Neutrinos Dominate the Energetics of
Core Collapse Supernovae

Explosion
only ~1% of
neutrino energy

mmm) Total optical + kinetic energy, 10°! ergs

mm) Total energy released in Neutrinos, 10°3 ergs 10% of star’s
rest mass!

3 G Mg Mys 17 [10km
@ R 1.4 Mg Rxs

‘I neutrino diffusion time 7 ~ 2s to 10s ‘
i1 1 1 1 L

typical luminosity (energy per second)
for each of the 6 neutrino species:

2 neutrino sphere
L, ~ 1 GMNS 1 ~ 4 % 1051 ergs g1 (i.e., edge of neutron star)

6 RyNs e

Ly

~ 3 x 103 erg [




Calculating neutrino flavor transformation in the core collapse

supernova environment is a vexing problem,
but one whose solution may lie at the heart of many aspects of
the physics of stellar collapse, nucleosynthesis, and the v signal.

neutrino-nucleus interactions

neutron star

neutrino

neutrino

. s heating, SN burst
neutrino flavor oscillations )
nucleo- detection

at earth

high density EQS, synthesis

neutrino interactions

Vetn=p+e Ve + *Ar — VK" + e~
Vo+p=n-+e" Ve + OAr — PA* 1+ 0,

We need the fluxes and energy spectra of each flavor/type of neutrino
at all epochs and at all radii.



Calculating neutrino flavor evolution
IS not an optional exercise.

- measured neutrino flavor mixing parameters

- neutrinos carry most of the energy/entropy
and the way this is transported, deposited, and
(may be) detected is flavor-dependent



Quantum Kinetic Equations
z’Df — {7:[, ﬂ —U [gﬁ} = collision terms (f’, f)

where f and f are 3 x 3 Hermitian density operators for neutrinos and antineu-
trinos, respectively, and ¢ is a 3 X 3 complex matrix encoding spin coherence.

and where H & U give neutrino interactions with matter and other neutrinos

separation of scales ??

Schroedinger-like:

29— 1) with [0) = (e, 0, 60)

Boltzmann equation

@ “high” density where
2

ji % v H,+H,, inelastic scattering dominates

@ “low” density where
neutrinos propagate coherently

A. Vlasenko, G.M.F,, V. Cirigliano (2013), arXiv:1309.2628



Anisotropic, nonlinear quantum coupling of
all neutrino flavor evolution histories

Must solve many millions of coupled, nonlinear partial differential equations!!



The advent of supercomputers has allowed us in the last few years

to follow neutrino flavor transformation in core collapse supernovae,
including the first self-consistent treatment of nonlinearity stemming
from neutrino-neutrino forward scattering.

The results are startling. Despite the small measured
neutrino mass-squared differences, collective neutrino
flavor transformation can take place deep in the supernova envelope

a new kind of quantum transport problem
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Multiple Spectiral Splits

Spectral Splits in
Inverted
Hierarchy

Spectral Splits in
Normal
Hierarchy
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Dasgupta, Dighe, Raffelt and Smirnov, arXiv: 0904.3542 (PRL)

Basudeb Dasgupta, ICHEP-2010 at Paris, France, 22 - 28 July 2010
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Neutrino Oscillation Regimes in Core Collapse Supernovae
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Azimuthal asymmetry develops in neutrino flavor field

above neutron star

enhanced instability
in the neutrino flavor field
— not easily matter-suppressed

nonlinearity:
neutrino flavor field may not retain the symmetry
of the neutrino sphere initial conditions

G. Raffelt, S. Sarikas, and D. de Sousa; ArXiv:1308.1

A. Mirrizi; ArXiv:1308.5255
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FIG. 2: Region where kr > 1 for IH (blue) and NH (red),
depending on radius » and multi-angle matter potential A for
our simplified SN model. Thick black line: SN density pro-
file. Thin dashed lines: Contours of constant electron density,
where Y, is the electron abundance per baryon. (The IH case
corresponds to Fig. 4 of Ref. [I8], except for the simplified
spectrum used here.)



The region above the neutron star can be quite inhomogeneous

Entropy — 15 Solor mass model
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turbulence: (see, e.g., Friedland; Volpe & Kneller 2011)



Effects that can modify or even wash-out the swap signal

-the supernova shock
-turbulence & density fluctuations

-neutrino direction-changing scattering
(quantum kinetic effects)



Toward Quantum Kinetics

(a) Effects of a small amount of direction-changing scattering
on the neutrino flavor transformation? — The Halo

(b) Spin Coherence: neutrino-antineutrino inter-conversion



J. Cherry, A. Friedland, G. Fuller, J. Carlson, A. Vlasenko, Phys. Rev. Lett. 108, 261104 (2012) 1203.1607

The Neutrino Halo

~ 1073 of all V/'s



Radius (km)

How large is the Halo effect for free

nucleons?
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the Halo converts the

neutrino flavor evolution problem
from an initial value problem into
a boundary value problem

(quantum flavor information coming down from outer regions of star)

and moreover couples in nuclear composition
in a completely new way

stability analyses suggest little effect from Halo during shock re-heating/accretion phase

(S. Sarikas, |. Tamborra, G. Raffelt, L. Hudepohl, H.T. Janka PRD 85, 113007 (2012) 1204.0971;

A. Mirizzi & P.D. Serpico, PRD 86, 085010 (2012) 1208.0157) — But these studies leave out much of the halo
and do not capture the composition/inhomogeneous effects



O-Ne-Mg Core Collapse — very centrally-condensed,
so we can model the Halo with our initial value code:
quantum mechanical information all coming from
below region of collective oscillations!

—* Dispersion/de-coherence in Halo

causes neutrino trajectory-dependent swap energy,
which could have consequences for a

detected neutrino signal
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J. Cherry, J. Carlson, A. Friedland, G.M.F, A. Vlasenko, PRD 87, 085037 (2013). arXiv:1302.1159



Quantum Kinetic Equations A.Viasenko, G.M.F, V. Cirigliano (2013), arXiv:1309.2628
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Neutrino-Antineutrino inter-conversion

interesting analogy to Majorana neutrino spin precession in a real magnetic field

A. de Gouvea & S. Shalgar arXiv:1301.5637 showed that
standard model neutrino transition magnetic moment ( ~ 1022 Bohr magnetons)
could engender collective neutrino-antineutrino oscillations — require ~ 1012 Gauss fields

similar process with QKE spin coherence, but no magnetic field required
--- sensitive to Majorana/Dirac nature of neutrinos, absolute mass

neutrino-antineutrino conversion
potentially very important for nucleosynthesis
because the relative mix of neutrinos and antineutrinos

determines neutron-to-proton ratio



